Introduction
[2] There is increasing interest in including satellite-based retrievals of sea surface temperatures (SSTs) and estimates of SST diurnal variability in the historical record for climate applications [Kennedy et al., 2007; Merchant et al., 2008; O'Carroll et al., 2001 O'Carroll et al., , 2004 . Satellite data can provide much needed measurements in remote regions where the density of in situ observations is minimal. These data often lead to an improved knowledge of the spatial and temporal structure of seasonal and interannual variability and contribute to a reconstruction of global SST. Numerical Weather Prediction (NWP), climate, and mesoscale oceanography require remotely sensed SSTs with accuracy of 0.1-0.3 K [Implementation Advisory Group, 1999] . These applications almost always utilize daily, weekly, or monthly SST analyses derived from satellite SSTs including both nighttime and daytime SSTs. The concept of a foundation temperature, defined as SST prior to the effects of diurnal heating and cooling, was introduced by Donlon et al. [2001] as the ideal measurement of SST to use in the creation of accurate global SST analyses that use both daytime and nighttime measurements of SST. It is the SST most representative of the temperature of the ocean mixed layer. To determine this foundation SST, it is necessary to estimate diurnal warming at the ocean surface and remove the warming from daytime SST retrievals.
[3] Satellite measurements of SST provide a large source of data on diurnal warming, but these measurements are ''snapshots'' of warming, usually lacking detailed histories of radiative and surface stress forcing that are needed to understand the magnitude and temporal evolution of the diurnal heating and cooling cycle. The satellite SSTs are primarily useful because they facilitate insight by providing skin (IR) and subskin (MW) SST data and significant information on the distribution and general magnitude of warming. Geostationary satellites provide hourly measurements but calibration problems have limited their utility for diurnal studies [Wick et al., 2002] . This study therefore focuses on in situ radiometric measurements of warming.
Background
[4] An idealized profile of upper ocean temperature is shown in Figure 1 . Temperature gradients in this region affect measurements taken at different depths to differing degrees. The relationship between temperature measurements from a ship intake, usually at depths greater than 3-4 m, moored buoy observations at 1 -2 m depth, drifting buoy measurements at approximately 0.5 m or more, microwave radiometric retrievals of the upper few millimeters, and infrared radiometric retrievals of the upper submillimeter skin layer, complicate the application of these measurements in research studies.
[5] At the air-sea interface, a cool skin layer is usually present. This is a thin, thermally stratified layer that results from the upward air-sea heat flux. Within this thin, viscous layer, molecular forces dominate and molecular conduction is the primary mechanism for heat transfer. As shown in Figure 1 , at the ocean surface, the cool skin layer exists both day and night [Gentemann and Minnett, 2008] . Below this layer, the upper ocean is often referred to as the ''mixed layer'' because turbulence usually produces a well-mixed layer with little stratification (Figure 1a ). Yet, mixed layer is often a misnomer as stratification may be introduced either by solar warming or precipitation, for example, creating vertical temperature and density gradients (Figure 1b ). Thermal stratification established by solar heating is referred to as a diurnal warm layer or diurnal thermocline. Vertical temperature gradients within the diurnal thermocline result from the varying absorption with depth (determined by the absorptivity of the water), vertical diffusion of heat, vertical stratification, and the rate of turbulent mixing. The temperature profile in the upper ocean, T(z), may be defined as the summation of the cool skin, DT c (z), diurnal warming, DT dw (z), and bulk or mixed layer temperature, T depth ,
[6] The temperature at the air-sea interface, T(0), is well approximated by SST skin , and may then be written as the sum of diurnal warming at the surface, DT dw (0), or DT dw , the cool skin effect at the surface, DT c (0), or DT c , and the temperature at depth,
[7] Diurnal warming diminishes when the oceanic heat loss exceeds heat gained and the surface layer cools. The cooler, denser water near the surface results in free convection, gradually overturning a layer near the surface whose depth depends on the rate of cooling, and causing temperature gradients due to diurnal warming to diminish. Stratification also may be decreased by surface wind stressinduced mechanical mixing of the upper ocean, shear flow instabilities, breaking surface waves, or breaking internal waves.
[8] Increased daytime stratification due to diurnal warming was first reported in 1942 [Sverdrup et al., 1942] and has been studied extensively since [Defant, 1961; Donlon et al., 2002; Fairall et al., 1996a; Schluessel et al., 1990; Woods and Barkmann, 1986] . Surface temperature deviations greater than 3.0 K, referenced to subsurface temperatures below the extent of surface heating, are not uncommon and may persist for hours [Kawai and Wada, 2007; Minnett, 2003; Yokoyama et al., 1995] . In section 2.1 we first present surface measurements of diurnal warming, next, previous studies investigating the upper ocean diurnal temperature profile, and, finally, present some existing diurnal variability models. Figures 1 -23 and much of the discussion is presented using wind speed rather than surface stress to allow comparison between other models of diurnal heating.
Diurnal Thermocline Measurements
[9] Research on the diurnal thermocline has mostly used subsurface temperatures since these are the most commonly available measurements from buoys and ships. Determining how the diurnal variability at the ocean surface responds to variations in atmospheric forcing has been primarily addressed through theoretical modeling or extrapolation of results from in situ (buoy) measurements measured 0.5 m to 1.5 m below the skin layer [e.g., Stuart-Menteth et al., 2005] . The diurnal heating signal at the ocean surface may be quite different than heating at 0.5 m as the skin layer responds very rapidly to changes in heat and momentum fluxes. After a few early publications [Böhm et al., 1991; Cornillon and Stramma, 1985; Deschamps and Frouin, 1984] , only recently have studies returned to examining warming at the ocean surface [Gentemann et al., 2003; Gentemann and Minnett, 2008; Minnett, 2003; Notarstefano et al., 2006; Soloviev and Lukas, 1997; Ward et al., 2004a Ward et al., , 2004b .
Surface Measurements
[10] Ship-based radiometric SST measurements provide a data source for studying diurnal warming at the ocean surface. These data have a significant advantage over satellite measurements because they are usually taken from research vessels with a suite of meteorological and oceanographic instrumentation that measure many relevant parameters. They are invaluable in examining the temporal decorrelation of warming with radiative or surface stress forcing, but the limited sampling must be carefully considered. A typical daytime profile when conditions are conducive to the formation of a diurnal thermocline. The upper ocean warms relative to the mixed layer or bulk temperature, and a cool skin layer still exists at the air-sea interface. The profile of temperature in the diurnal thermocline will depend on the absorption of radiation and whether diffusive or mechanical mixing dominates. From Gentemann and Minnett [2008] .
[11] The Marine-Atmospheric Emitted Radiance Interferometer (M-AERI) ] is a seagoing modified AERI originally developed for the Department of Energy Atmospheric Radiation Measurement (ARM) program [Knuteson et al., 2004a [Knuteson et al., , 2004b . The instrument detectors receive radiation reflected by a scan mirror which views sky, sea surface, and internal calibration reference blackbodies which are traceable to National Institute of Standards and Technology (NIST) standards [Rice et al., 2003 [Rice et al., , 2004 . SST is retrieved using sea and sky view data at 7.7 mm . The instrument enters a safe mode during rain to avoid contamination of the scan mirror. Data from four research cruises and the cruise ship Explorer of the Seas provide 72 days with clear examples of diurnal warming. These days were carefully examined to ensure that the ''warming'' wasn't simply an artifact due to the ship motion (e.g., the passage through an SST front). On the research vessels, the location of the bulk SST measurements and the M-AERI observing footprint were quite close to each other, and differences due to horizontal temperature variability were not an issue. On the Explorer of the Seas (a much larger ship), the intake is about 15 m aft of the bow of the vessel while the M-AERI footprint was about 60 m further aft, but given the 90 s integration times of the sea view M-AERI measurements and the vessel's cruising speed through the water of 10 m s À1 , or more, the effects of frontal passages were not found to be a problem. Using these data, the surface diurnal warming was determined using the following methodology.
[12] From [2], the diurnal warming at the ocean surface may be defined as
where T skin is measured by M-AERI, the cool skin magnitude is estimated using Donlon et al.'s [2002] parameterization, and bulk temperature is measured at approximately 3 m depth by a thermosalinograph measuring the ship seawater intake. Time dependence is implicit in all terms of equation (3). A full description of the data sets and the methodology for isolating diurnal variability from the cool skin layer and other effects is given by Gentemann and Minnett [2008] .
[13] As detailed in that paper, results are as follows: (1) the surface signature of diurnal warming is primarily related to wind speed and secondarily related to insolation; (2) small changes in wind speed (less than 1.0 m s À1 ) rapidly and strongly affect the amplitude of diurnal warming present at the ocean surface; (3) that on the majority of days, the diurnal peak was not coincident with the insolation peak but instead directly related to the minimum wind speed during the day; and (4) that fluctuations in wind speed could result in multiple local peaks in diurnal heating in a given day. These surface measurements are valuable, but do not provide information on the vertical structure of diurnal variability. Several research cruises have been used to investigate this topic.
Profile Measurements
[14] A number of studies have shown an exponential decrease in temperature with depth in the diurnal thermocline. Several of these studies are detailed in Appendix A. A more recent study also examined the profile of upper ocean temperature within the diurnal thermocline using the Skin Depth Experimental Profiler (SkinDeEP) [Ward et al., 2004b] . The SkinDeEP instrument was designed to measure the fine-scale thermal structure of the upper ocean. This is accomplished by descending to a depth of approximately 8 m, changing the buoyancy of the instrument by inflating a small bladder, and then ascending passively through the surface layer at about 1 m s
À1
. As the instrument ascends, a thermistor located at the top of the instrument makes measurements. Profiles were generally taken every 60 s. While state-of-the-art instruments such as SkinDeEP are able to provide more detail about the vertical structure than moored buoys with arrays of thermometers at discrete depths, neither type of measurement provides an understanding as to why the observation is changing or information on the horizontal structure of turbulent mixing.
[15] Figure Figure 2b reveals the importance of using a subskin SST rather than a skin or bulk SST to accurately model diurnal warming at the surface.
[16] The measurements shown above and those in Appendix A all suggest an exponential profile of tempera- ture with depth at very low wind speeds when there is little mechanical mixing of the ocean and the heat is trapped close to the surface, a decrease in slope of the temperature at midrange wind speeds (3.0 -7.0 m s
) where some windinduced mixing deepens the warm layer, and then a smooth transition to a well-mixed layer at higher wind speeds.
Modeling
[17] There are three common types of diurnal models: empirical, bulk, and turbulence closure. Empirical models are developed from model simulations or data analysis of measurements. These models estimate diurnal warming at a specific depth from other measurements, usually surface wind speed and insolation. This class of model has been developed to address the reality that many of the input parameters necessary to evaluate the physical models are not always available. Early empirical models depended on daily mean input parameters (usually wind and insolation) and calculated the daily maximum warming. Recently developed empirical diurnal warming models attempt to resolve intraday variability by using instantaneous or temporal averages of input parameters. The empirical models only predict warming at the surface, and only two models provide estimates of intraday variability of warming, and only one attempts to include the effects of wind and insolation history. We are not aware of any prior comparison of the empirical models or validation of the empirical models at the ocean surface using surface-based skin SST measurements.
[18] Bulk models are models of the mixed layer, where surface heat and momentum fluxes are distributed over the depth of the mixed layer. These models have been extensively tested and compared to in situ measurements under light to moderate wind conditions Cronin and McPhaden, 1997; Fairall et al., 1996a; Shinoda and Hendon, 1998; Webster et al., 1996; Weller and GENTEMANN ET AL.: POSH: A MODEL OF DIURNAL WARMING . This class of model is more complicated than a simple empirical model, but depends for success on the accuracies of the parameterizations of mixing and surface fluxes and does not provide any estimates of vertical temperature structure in the upper layer.
[19] Vertical structure in the mixed layer can be determined by turbulence closure models such as those of Mellor and Yamada [1982] and Kantha and Clayson [1994] . These models find solutions to 1-D differential equations for momentum, heat, and salt by estimating turbulent fluxes GENTEMANN ET AL.: POSH: A MODEL OF DIURNAL WARMING of these properties. These models are computationally intensive, dependent on mixing parameterizations, and therefore not feasible on a global scale.
[20] The research reported here aims to improve an established bulk model through better physical parameterizations determined through comparison with ship-based measurements and develop a methodology for providing turbulence closure -like vertical structure within the warm layer. Price et al.'s [1986] (hereinafter referred to as PWP) model which, in turn, has its heritage in the dynamical instability model of Price et al. [1978] . The one-dimensional bulk model assumes that the diurnal layer is noninteractive with the mixed layer and assumes that the mixed layer is well mixed with very small vertical gradients. The model determines the diurnal warming as the summation of vertical mixing and radiation processes driven solely by local surface heat and momentum fluxes [Niiler and Kraus, 1977] . Surface values are assumed to be known, as the surface flux is equal to the net heat flux, the freshwater flux is equated to the difference between evaporation and precipitation, and the surface stress is entirely wind driven. The model used in this analysis (bulk flux version 2.5b) is code developed by Tropical Ocean -Global Atmosphere (TOGA) Coupled Ocean-Atmospheric Response Experiment (COARE) investigators. The TOGA COARE flux algorithm is now up to version 3.0 [Fairall et al., 2003] . The only differences between these versions that may affect these results are small changes to the calculation of the latent heat flux. The representation of the warm layer was not changed in the new version.
[22] The net heating within the warm layer is the difference between the solar insolation absorption within the warm layer and the total heat loss at the surface. The F96 version simplifies the PWP model by making the assumption that there is a linear gradient in temperature through the warm layer, which will always satisfy the PWP criterion for static stability. The model also requires mixed layer stability but does not require the shear flow stability. F96 determined the diurnal heating at the surface, T w , as
Figure 18. Hourly bias and standard deviation for the POSH and F96 models compared to the in situ data. The bias is plotted as the solid line, and the standard deviation is given as the vertical bars. The POSH bias is always less than the F96 bias, and the POSH standard deviation is less for all LMT hours except 0900. where r is the density, c p is the specific heat at constant pressure, warming is confined to a depth, D T , and the integrated radiative fluxes, Q ac , at each time step Dt, are
where Q tot is the net heat flux. D T is determined by requiring the bulk Richardson number, R i , to be equal to 0.65 [Fairall et al., 1996a] ,
where a is the thermal expansion coefficient, g is the acceleration due to gravity, and the integrated wind stress, t ac , is
and surface stress is
where r a is the density of air and u * is the friction velocity.
[23] The net heat flux within the warm layer is
where the heat flux due to rain, Q rain , which here is set to zero since the available at-sea measurements do not include rain events. f w (D T ), is the attenuation of shortwave radiation within the warm layer, Q SW is the net shortwave radiation, Q lat is the latent heat flux, Q sens is the sensible heat flux, and Q LW is the net longwave radiation,
where e LW is 0.97, the mean emissivity of the sea surface for longwave radiation and s SB is Stephen-Boltzman constant, 5.67 Â 10 À8 W m À2 K À4 . T skin , and downwelling longwave, Q LW# , are assumed to be known. Shortwave (solar) insolation is
where, r SW , the mean reflectivity of the sea surface for shortwave radiation is 0.055 [Fairall et al., 1996b] , and the shortwave radiation, Q SW# , is assumed to be known. Within the warm layer, the solar radiation is absorbed at depth using a three-band exponential model of absorption:
Q sens and Q lat are
where C H is the bulk transfer coefficient (Stanton number) for sensible heat, C E is the bulk transfer coefficient for latent heat (Dalton number), u is wind speed at 10 m, T a is the air temperature at 10 m, q S is the saturation specific humidity at the surface, and q A is the specific humidity of the air at 10 m.
3. Development of the New Diurnal Model, Profiles of Surface Heating 3.1. Background [24] Simulations from the F96 model were compared to the subskin diurnal warming derived from M-AERI revealing significant differences. As discussed above, the F96 model development, and previous validation studies, have mostly utilized measurements below the subskin layer, at depths of 0.5 m and greater. Temperature at these depths has a very different response to surface heat and momentum fluxes than the surface layer. The comparisons to subskin diurnal warming measurements led to the development of a new model based on the F96 model. The refinements and then the comparisons to M-AERI data are discussed in section 3.2. The model refinements were mostly based on the average diurnal warming for 72 days that were identified as having a clear diurnal warming signal (Figure 3 ). These data are discussed in more detail by Gentemann and Minnett [2008] . The key differences when the observed diurnal warming was compared to the F96 simulations were F96 underestimated the amplitude of warming (Figure 3a) , the peak in modeled warming occurred after the peak in data, modeled warming persisted beyond observed warming in the afternoon; modeled warming underestimated amplitudes at low wind speeds and overestimated at high wind speeds (Figure 3b ), and modeled warming was underestimated at high insolation (Figure 3c ). These are the key aspects the new model addresses. Improvements to the mean simulations for individual days were expected from this methodology, but improvements in the standard deviation of the difference between simulations and data were not guaranteed.
Refinements Applied to F96
[25] The F96 model was refined here in several ways to improve simulations of the observed diurnal warming at the surface. The first modification to the model was to change the setting to zero of accumulated heat and momentum from 0000 to 0600 local mean time (LMT). The F96 model includes no dissipation and so rapidly diverges from measurements because of the lack of viscous dissipation as well as any exchange of heat or momentum through the base of the warm layer. Accumulated momentum, heat, and diurnal warming were all set to zero at 0000 by F96. However, warming may be present through the night and into the next day when wind speeds are low and the diurnal thermocline is not entirely eroded. While this situation certainly occurs, the study presented here, focuses on the warming within 1 single day, and it is therefore appropriate to set the model to zero at 0600 LMT. Additionally, although persistent thermoclines develop, especially in the tropics [Katsaros et al., 2005] , diurnal thermoclines still develop near the surface within these regions.
[26] The parameterization of solar absorption within the F96 model was changed from a three-band spectral parameterization to one with nine bands (Figure 4) , developed by Paulson and Simpson [1981] . The nine-band model has stronger absorption at all depths, but particularly at shallow layers and thus should better capture the heating profile for shallow diurnal thermoclines. The effect of the subsurface solar angle, q, was also included to better model the depth of radiation absorption: [27] This new spectral absorption model slightly improved the skill of the model at lower wind speeds (when compared to M-AERI data) by increasing the simulated warming. The change in the absorption model did not make a significant difference because the model only considers radiative forcing to the base of the diurnal thermocline, and this is often fairly shallow (less than 5 m) when wind mixing is small enough to allow the formation of a diurnal thermocline. Simulated warming was still low when compared to the M-AERI measurements; therefore the nineband spectral absorption model was increased by 20%, for all wind speeds, determined by comparing the ship-based measured diurnal amplitudes to the original model predictions. The nine-band model was developed using clear water and has been found to underestimate absorption in the ocean. Soloviev and Schlüssel [1996] proposed modified irradiance absorption coefficients, for the 0.2 -0.6 mm wavelength in the nine-band model, on the basis of Jerlov water classification. According to this model, a Jerlov II water increases absorption by approximately 12% while a Jerlov III increases it by approximately 20%. The regions of this study are mostly Jerlov I or II type waters, but using absorption coefficients appropriate for these conditions led to consistent underestimation of the warming, so we chose to increase absorption by 20%, but the model does not explicitly depend on Jerlov classification type. The total radiative forcing within the warm layer utilized in the new model is then
[28] While this increased the warming amplitudes slightly, this change did not affect warming still present in the F96 model well beyond that observed in the late afternoon and evening (Figure 3a ). This was a result of the accumulated warm layer heat only decreasing through longwave radiation and turbulent surface fluxes. The warm layer was assumed to be ''cut off'' from the mixed layer. In reality, the heat content will be diminished through conduction and turbulent mixing across the base of the warm layer (entrainment). Additionally, momentum will dissipate through viscous effects and diminish through entrainment. Using these arguments, both momentum and heat content were reduced. The original model accumulates wind stress, momentum, and heat by adding wind stress, t, and total heat flux, Q, from the previous time step, determined by the data, and usually 8 -12 min, equations (5) and (7). Thus,
where e t ¼ 0:00005 s À1 ; e c ¼ 0:00008 s À1 :
[29] All 72 days of diurnal warming measurements were run with variable e t and e c . The simulated warming was compared to the measured warming and the reduction rates, e t and e c , was determined by minimizing the standard deviation of the difference between the simulations and the data. In this model, less momentum reduces turbulent mixing in the warm layer, and this decreases the depth of the warm layer, intensifying the stratification, and thereby increases the modeled surface warming. Conversely, reduction of heat in the warm layer through exchange with the mixed layer beneath increases the depth of the warm layer and decreases the modeled surface warming ( Figure 5) .
[30] The model with reduced heat and momentum responded better to variations in surface stress and heat fluxes. Two measured skin SST peaks in warming ( Figure 5 , blue line) illustrate how, by diminishing accumulated momentum, the separate peaks are better represented. The original model, F96, resolves the first peak but does not resolve the second peak well, while the new model is more responsive and better matches the variability seen in the measurements. The reduction of heat in the warm layer reduces the late afternoon overestimation of warming simulated by the original F96 model (Figure 5b) .
[31] While reducing accumulated heat and momentum improved the F96 temporal response to solar heating and shear-induced mixing, the wind speed dependence still did not match the measurements well (Figure 3b ). The original model underestimated warming at low wind speeds and overestimated warming at higher winds. It was determined that the F96 assumption of a linear profile of temperature within the warm layer would cause this result. The F96 model assumes warming is a maximum at the surface and decreases linearly to zero at the base of the diurnal warm layer. Previous studies of upper ocean temperature profiles do not show a linear temperature change in the warm layer, but instead appear to approximate an exponential and then, with wind mixing, a constant mixed warm layer near the surface which then decreases at depth (e.g., see section 2.1.2 and Appendix A). At low wind speed the diurnal thermocline has minimal turbulent mixing, leading to strong stratification. For seawater with uniform optical properties in the upper layer, the profile of absorption of shortwave radiation is generally assumed to be exponential and it is therefore likely that the profile of warming has a similar shape at low wind speeds. As the wind increases, mixing in the warm layer increases, temperature gradients in the diurnal thermocline diminish until the thermocline disappears.
SkinDeEP Measurements
[32] The SkinDeEP instrument characteristics were introduced in section 2.1.2. Vertical profiles of upper ocean temperature from the SkinDeEP are shown in Figure 6 . In this example, the warming is mainly confined to the upper 1-4 m of ocean. There is a short decrease in insolation near the second tick on the x axis (a cloud passed over) and the warm layer rapidly diminishes. After the cloud passes, the warm layer is rapidly reestablished. There is variability in the amount, depth, and vertical distribution of diurnal heating. Thus, while the data are highly accurate, looking at the data in isolation, it is difficult to determine exactly what is being measured: local diurnal variability, nonlocal variability (internal waves, horizontal advection), or a feature due to the sampling environment. Because of these issues, rather than make direct comparisons, in the study, we use SkinDeEP measurements to guide us in the parameterization of the wind speed dependence of the vertical structure of temperature in the diurnal thermocline.
[33] The SkinDeEP was deployed from the Scripps Institution of Oceanography (SIO) R/V Melville during the 1-21 October 1999 Marine Optical Characterization Experiment-5 cruise. The ship left San Diego for the Gulf of California, staying briefly off of the west coast of Mexico. Profiles were collected on several days while the ship maintained station [Ward, 2006] . SkinDeEP profiles of temperature through the diurnal thermocline are shown in Figure 7 . Figure 7a shows data from several different stations with different wind and insolation histories. The groupings of curves shown in Figure 7a are generally from different days. To examine the wind speed dependence, data from 1200 to 1400 LMT, taken at several different wind speeds but with similar insolation were examined (Figure 7b ). The data clearly show different temperature gradients for different wind speeds. The warming does not consistently decrease with wind speed, likely because this is a snapshot of days with different wind and radiative fluxes. The profiles taken with wind speeds of 0 -1 m s À1 (red lines) have an apparently exponential decay of temperature with depth. As winds increase slightly, 1 -2 m s À1 (orange and yellow lines), mixing in the upper layer causes the profiles to be quite well mixed and have small temperature gradients in the top 0.25 m. At even higher wind speeds (green and blue lines) the profile takes on a nonexponential shape. The wind-induced mixing results in an increasingly eroded diurnal thermocline, decreasing the mean temperature gradients, so the profile becomes more isothermal.
[34] The same profiles, but normalized by warm layer depth and heat content are shown in Figure 7c . All profiles were referenced to the mixed layer temperature, taken as the mean temperature from the deepest 0.5 m in each profile, usually between 4 and 8 m depth. This assumes that the diurnal thermocline thickness is less than the profiler's maximum depth and, on most days, it is clear that this assumption is correct. The base of the diurnal thermocline in each profile is determined as the first depth where the temperature equals to the estimated mixed layer temperature. At lower wind speeds, an exponential temperature decrease with depth is observed, while higher wind speeds lead to a decreased vertical gradient near the surface that then decreases at depth to zero, indicating more mixing in the upper surface.
Development of the Profiles of Surface Heating Model
[35] Section 3.3 introduces a methodology to determine diurnal thermocline profiles on the basis of determination of warm layer depth and magnitude of the heat content. The wind speed dependence of these diurnal profiles was reproduced by equation (17), with depth normalized by the diurnal warm layer thickness and normalized heat content,
where a is determined by the wind speed as shown in Table 1 . As the wind speed changes, the new temperature profiles (Figure 8) smoothly transition between the different equations using linear interpolation. The F96 diurnal thermocline heat content is calculated using the original linear profile of F96 and its estimate of surface warming. In the new model, a profile is calculated at each time step, with the vertical axis scaled by the depth of the warm layer. The magnitude is adjusted so that the new profile and the original linear temperature gradient have the same total heat content. In this way, the total heat content is the same but the profile, and therefore surface expression of warming, is quite different. The profile scales with the warm layer depth to ensure that it smoothly decreases to zero at the base of the warm layer. This refined F96 model, with diminished momentum and heat content in the diurnal thermocline, increased solar absorption, and explicit wind speeddependent vertical structure is referred to hereinafter as the profiles of ocean surface heating (POSH) model.
Comparisons Between F96 and POSH by Model Simulations
[36] To establish the benefits of the new model formulation, the dependence of diurnal warming on variations in wind speed, insolation, and time of day was explored for both the F96 and POSH models. The POSH model matches the surface diurnal warming data better than the F96 model (Figure 9) , where the POSH model has shifted the peak warming earlier than F96 and decreased warming in the afternoon, both effects matching the measurements better (Figure 9a ). POSH has increased warming at low wind speeds and decreased at high wind speeds when compared to the F96 model (Figure 9b ). The dependence on insolation shown in Figure 9c is also improved on that of from the F96 model.
[37] To determine the dependence on variations in wind speed, insolation, and time of day, model simulations were evaluated using 24 h periods, during which insolation was varied realistically through the day. The length of day was kept constant for all simulations; only the amplitude of insolation decreased using a simple multiplicative factor. The 24 h model simulations were driven using daily average insolation ranging from 0 to 400 W m À2 at increments of 1 W m
À2
. For each insolation factor, the model was run with different constant wind speeds through the day, varying from 0.2 m s À1 to 11.8 m s À1 at increments of 0.2 m s
À1
(60 wind speed cases). The dependence of the subskin SST on wind speed and insolation at 1400 LMT for both the F96 and POSH models show little warming above 6 m s À1 and below 80 W m À2 (Figure 10 ). The maximum warming is 5.4 K (F96) and 7.4 K (POSH). The temporal dependence of F96 and POSH on local time is illustrated in Figure 11 . The peak warming in the F96 model occurs at 1400 LMT, 2 h after the peak in maximum insolation. In the POSH simulations, the reduced heat in the diurnal thermocline has changed the temporal dependence to a less skewed shape that more closely resembles the actual insolation forcing, with the simulated warming peaks at 1300 LMT.
Evaluation of the Models With in Situ Data
[38] The POSH model was evaluated by examining individual days with M-AERI measurements of diurnal warming, some of which are discussed here. The model was forced using measurements from the research vessels, as described by Gentemann [2007] , to determine warming amplitude at a specified depth (the surface is used here), the vertical profile of temperature, and the depth of the warm layer. Figures 12-17 (showing individual daily time series) all have the same format. Figures 12a, 13a, 14a, 15a , 16a, and 17a have insolation in the background, wind speed (green line, axis on the right), diurnal warming (blue line, axis is on the left), F96 simulations (gray line), and POSH simulations (black line). In Figures 12b, 13b, 14b, 15b, 16b , and 17b, profiles of the temperature through the diurnal thermocline, calculated by the POSH model, are shown. For visualization purposes, the profile amplitude was normalized by the surface warming value and then scaled by the time step. Therefore, the amplitude should be taken from Figures 12a, 13a, 14a , 15a, 16a, and 17a, but the shape and depth of warming are correctly shown in Figures 12b, 13b , 14b, 15b, 16b, and 17b. Before sunrise and after the diurnal thermocline has been eroded, the temperature is constant with depth. Once a diurnal thermocline forms, the temperature profiles in Figures 12-17 end at the base of the warm layer. All 72 days were examined closely, initially to determine where the F96 model succeeded and failed in modeling observed warming. For all selected 72 days of diurnal warming in the measurement data set, the bias and standard deviation of the difference, modeled minus observed warming, from 0600 LMT onward are given in Table 2 . These results lead us to the refinements implemented in the POSH model. The remainder of this section discusses 6 days with different expressions of diurnal warming and the corresponding model simulations.
[39] In Figure 12 , an example is shown where there were two peaks in diurnal warming directly related to two decreases in wind speed. The warming peaks occurred slightly after the local minima in winds speed. The F96 model amplitudes were too low and temporally lag the observed peaks for both occurrences. Both peaks were well defined in the POSH simulation and the temperature maxima were close to those measured. The POSH simulations indicate the warm layer was initially very shallow, deepening with the increase in wind speed, and then decreasing in depth again as the wind decreased producing the second peak in surface temperature. The vertical temperature gradients in the diurnal thermocline were very large at low wind speeds and decreased with increasing wind speed. From 1400 to 1500 LMT the wind speed was decreasing and the profile temperature gradient increased.
[40] Diurnal warming from 3 June 2002 ( Figure 13 ) was variable, with two local maxima, the late afternoon peak being larger than the morning peak. Variable cloud cover was present throughout the day, strongly modulating the surface insolation. The warming simulated by the F96 model underestimated the magnitude of the first temperature peak, placing it after the measured maximum, and then the warming in the late afternoon was too prolonged. The POSH model matched much better the timing and amplitudes of the two observed peaks. The warm layer remained relatively shallow and the simulated vertical temperature gradients were strong from 0900 to 1100 LMT, when the wind speed was low. As the wind increased from 1100 to 1230 LMT, the POSH model indicates a deepening of the diurnal thermocline and a decrease in the temperature gradients. From 1230 to 1700 LMT the wind decreased, the model shows the warm layer has thinned, and gradients increased. Finally, after 1700 LMT, the wind increased, and the model indicates the warm layer deepened and gradients decreased until the thermocline was ultimately erased after 2000 LMT.
[41] Clear skies and low wind speeds occurred on 12 July 2002 ( Figure 14) . The relatively constant, low wind speeds from early in the day through 1200 LMT resulted in diurnal warming that closely echoed the slope of the increasing insolation. After 1200 LMT, the winds slowly increased, decreasing the surface temperature. The F96-simulated warming was too small, occurred after the observed peak, and persisted late into the evening, long after the measured warming had become negligible. The POSH model accurately simulates the observed warming until 1230 LMT. The POSH model lagged the peak in warming by approximately 1 h and then retained too much heat in the afternoon. Warming persisted in the POSH model until 1900; approximately 2 h after observed warming had disappeared.
[42] On 13 February 2003 (Figure 15 ) a midafternoon increase in wind speed from 1400 to 1530 LMT rapidly erased observed warming. The wind decreased for a short period at around 1545 LMT, but radiative fluxes were small and the observed warming increased only slightly. Neither model simulation has the correct peak amplitude. The F96 model had about 50% less warming than observed, did not correctly resolve the peak, and did not diminish as quickly as the observed temperature. The POSH model followed the observed warming more closely, but it had too much warming around 1100 LMT and then, although it did resolve the peak, not enough warming was simulated. There is larger variability in POSH than either the observations or F95, likely because of the increased responsiveness to changes in insolation. The POSH model closely followed the observed temperature decrease. The low wind speeds result in very shallow and strong gradients of temperature in the warm layer predicted by the POSH model that rapidly deepened and weakened with the increase in wind speed simultaneous with a decrease in insolation at approximately 1400 LMT.
[43] A large peak in observed warming, followed by a sharp decrease was measured on 15 November 2001 from the Lamont-Doherty Earth Observatory (LDEO) R/V Ewing in the Indian Ocean (Figure 16 ). Neither of the models was able to accurately mimic the amplitude of the diurnal peak. The observed warming decreased within 10 min of the increase in wind speed and the POSH model simulations rapidly diminished alongside the data. The POSH amplitude was larger than that of F96, better matching the observed warming. After the increase in wind speed, there was no observable warming after approximately 1700 LMT, but the F96 model had warming persisting to almost 2000 LMT. The thermocline depth simulated by the POSH model increased rapidly after the increase in wind speed.
[44] Another large diurnal warming event with two peaks occurred on 11 November 2001, also in the Indian Ocean (Figure 17 ). Low wind speeds persisted through most of the day, increasing slightly after 1300 LMT, and small fluctuations in wind speed resulted in the two measured temperature maxima. The F96 model does not resolve the two diurnal peaks, the amplitude is less than that observed, and after a small increase in wind speed at 1600 LMT, the simulated warming is larger than observed until 2400 LMT. The POSH model closely followed the observed warming, resolving both peaks, and diminished in amplitude realistically. The low wind speeds and high insolation resulted in a very shallow diurnal thermocline with a strong gradient in temperature.
[45] Figures 12-17 are indicative of the results seen by examining all 72 days of warming. The F96 model consistently underestimated the magnitude of the warming, did not respond rapidly enough to changes in momentum and radiative fluxes, and often had more warming than observed late into the evening. This behavior may be more accurate for diurnal warming at depth rather than at the surface. The POSH model was specifically developed to model surface warming and throughout these studies it usually simulates the diurnal amplitudes and variability at the surface more accurately than the F96 model (Table 2) . Table 3 shows the bias and standard deviation of the F96-and POSH-modeled warming minus the observed warming for all 72 days. Biases are approximately equal, À0.02 K and À0.01 K for F96 and POSH, respectively. The standard deviation shows the improvement in modeling accuracy with POSH (0.28 K) less than the F96 (0.35 K) error, a reduction of 20%. The low bias in the F96 simulations is the result of consistent underestimation of the temperature maxima, which contributes a negative component to the bias estimate, and overestimation of the persistence of the heating, contributing a positive component to the estimate of bias error. This is shown in Figure 18 where the bias and standard deviation are plotted for each LMT hour, with data given in Table 4 . The POSH bias is always equal to or less than the F96 bias error. The F96 bias is negative (the model underestimates warming) prior to 1500. After 1500, the F96 bias is positive (the model overestimates warming). The standard deviation error for POSH is less than F96 for all hourly comparisons except prior to 1100.
Conclusions
[46] A surface diurnal warming model is vital since it is the upper ocean surface which is in direct contact with the atmosphere, improved determination of diurnal warming, will lead to better estimates of air-sea heat and gas fluxes [Ward et al., 2004a; Ward and Donelan, 2006] . Failing to account for a diurnal cycle in SSTs leads to errors in determining surface fluxes for NWP and climate models [Kennedy et al., 2007; Webster et al., 1996; Woods et al., 1984] . Tropical atmospheric circulation is sensitive to relatively small changes in SSTs [Palmer and Mansfield, 1984; Shukla, 1998 ] as is local atmospheric convection [Chen and Houze, 1997] and SST variability in this region is important to understanding climate change.
[47] Observations of diurnal warming at the ocean surface are only available from a small number of instruments. The M-AERI deployment on the Explorer of the Seas provided routine measurements of skin SST temperatures in the Caribbean Sea. Data have been accumulated between 2000 and 2007 and form a significant data set of meteorological and oceanographic measurements. Data from four additional research cruises with M-AERI measurements of skin SST in the Indian Ocean, Southern Ocean, Pacific Ocean, and Gulf of California were utilized to determine the mean characteristics of diurnal warming (Figure 3 ). This is a unique data set of skin SST measurements with the appropriate ancillary meteorological and oceanographic parameters necessary to investigate diurnal warming variability and model skill at predicting diurnal temperature signals. These data were utilized to develop a new model of diurnal variability.
[48] The F96 model was refined to improve its performance when compared to the surface measurements of diurnal warming from M-AERI. Parameterization of the absorption of solar radiation was improved by using a nineband spectral model with absorption increased by 20%. This change, combined with a reduction of accumulated heat and momentum, increased the model's responsiveness to changes in surface heat flux and surface stress. Wind speed -dependent, nondimensional, vertical warming profiles were added to the model. The profiles scale by the modeled heat content and warm layer thickness. At low wind speeds warming is concentrated near the surface. As wind speed increases and correspondingly the surface layer turbulent mixing increases, the temperature profiles relax to a more vertical state expected of a more mixed diurnal warm layer. These profiles are predicted at each time step in the model and provide an estimate of the vertical temperature structure within the diurnal thermocline.
[49] The POSH model appreciably increases the skill of its heritage model (F96) at simulating diurnal warming at the ocean surface. To understand intraday variability, to estimate the heat available at the surface throughout the day, and to model diurnal warming for a wide variety of applications, the POSH model has the least error when compared to the M-AERI surface measurements of diurnal warming. The use of both day and nighttime satellite SSTs in analyses requires modeling of diurnal variability. While empirical models developed specifically for satellite data sets exist, they do not provide information on the vertical structure of the upper ocean. The POSH model provides a method for determining global patterns of diurnal warming and the vertical structure of the warming. These estimates of diurnal warming at the surface could be used to determine the daily foundation temperature, defined as the temperature free of diurnal variability [Donlon et al., 2007] , from satellite SSTs taken at various local times, while the profiles of warming could be incorporated into ocean state and ocean forecasting models.
Appendix A: Previous Measurements of the Diurnal Temperature Profile
[50] A number of research cruises have studied how temperature changes with depth in diurnal thermoclines. This section discusses several of these studies. On of the oldest studies was in 1972, when, over 12 days, during the Barbados Oceanographic and Meteorological Experiment (BOMEX), Delnore [1972] acquired temperature and salinity profiles in the upper 50 m of the ocean. Five ships, each carrying an Eppley pyranometer to measure surface insolation were stationed near Barbados making over 300 profiles of the upper ocean with Bissett Berman salinity-temperaturedepth profilers. Each day, profiles were taken at the same time. Surface winds were reported as 5.0-7.5 m s À1 for the first few days (20 -26 June 1969) and increased afterward, eroding any diurnal warming. These first 6 days were used to examine the depth dependence of diurnal variability. Figure 19 shows the average temperature profile measured from the National Oceanic Atmospheric Administration (NOAA) Ship Discoverer over all 6 days at the various profile observation times. The formation of a warm layer of $0.6 K with a thickness of 18 m is present by 1100 local mean time (LMT) and a more stratified, warmer layer of $1.6 K that then linearly decreases in temperature with depth to $20 m develops by 1400 LMT (Figure 19a ). As the surface cools, the profiles at 1700 LMT are well mixed with a warm layer of approximately 1.1 K and a thickness of approximately 20 m. Thereafter, profiles slowly relax to the original mixed layer temperature. In Figure 19b the observed warming is always ''well mixed'' within the warm layer and the linear gradient seen at 1400 LMT in Figure  19a does not occur, likely because of the higher wind speeds during this observation period. Data from the NOAA R/V Oceanographer are shown in Figure 20 . In Figure 20a , the warm layer is still well mixed above $10 m, but becomes shallower and warmer throughout the day. By contrast, the measurements shown in Figure 20b had a warm layer well mixed down to 18 m. While Delnore's [1972] analysis was mainly concerned with calculating the heat content and evaporation rates, these early profiles of diurnal warming point toward a family of curves for the growth and decay of warming within the mixed layer that is likely dependent on the history of radiative heating and turbulent mixing either through stress or shear-induced instabilities.
[51] More recently, the vertical distribution of diurnal heating in the upper ocean was examined using Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA COARE) profiles [Soloviev and Lukas, 1997] . Thirty-five profiles were taken and it was found that often at low wind speeds, the large diurnal signals were trapped in the top 1 m of the ocean, and at very low wind speeds confined to the upper 10 cm.
[52] Profiles shown by Soloviev and Lukas [1997] (Figure 21 ) have three distinctive vertical distributions of warming. Profiles taken at wind speeds greater than 7.0 m s À1 are well mixed, with diurnal warming less than 0.2 K with a warm layer depth of 12 -17 m. The ten profiles taken during wind speeds of $2.0 m s À1 have an almost constant warming (0.6 -0.8 K) down to slightly different depths (1-7 m), a decrease in the mixed layer temperature, and then constant (mixed layer) temperature below the warm layer. As pointed out in that paper, these profiles all have almost the same amount of warming at the surface, but the warming extends to very different depths. The five profiles taken in calm weather (winds less than 2.0 m s
À1
) have warming confined to the upper meter and a very large surface temperature increase of 3.0 K. These profiles appear to have an exponential decrease in temperature with depth.
[53] During TOGA COARE upper ocean profiles of temperature were taken from the Commonwealth Scientific and Industrial Research Organization (CSIRO) R/V Franklin [Webster et al., 1996] . Figure 22 shows the profiles taken on 2 different days. Figure 22a shows profiles from 13 January 1993, 1 day with strong insolation and light winds that result in a diurnal warm layer of approximately 2.0 K at the surface, diminishing exponentially with depth. Figure 22b shows profiles on 4 February 1 day with strong winds and weak insolation, resulting in a well-mixed upper layer with no surface expression of diurnal warming. In Figure 22a , the base of the diurnal layer appears to be at about 2 m depth.
[54] Further profiles of diurnal warming [Halpern and Reed, 1976] ). Measurements of incident shortwave radiation, air temperature, humidity, and wind speed were taken from the National Oceanic Atmospheric Administration (NOAA) Ship Oceanographer. A buoy was fitted with 10 thermistors within the upper 24 m of the ocean. Hourly averages of the thermistors show the diurnal temperature range ( Figure 23) ; diurnal amplitudes of 0.9 K to 1.4 K were found during the 3 days of the experiment and an exponential decrease in temperature with depth was observed (note the logarithmic scale in temperature).
[55] These measurements all show that the temperature profile, in a diurnal thermocline, is related to wind speed, and has an exponential decrease in temperature with depth. This work motivated the POSH model development to include a more realistic temperature profile. Symbols used in the paper are defined in Table A1 . 
